Background. The 
The instantaneous Doppler-derived VA pressure gradients, instantaneous Doppler dP/dt, dP/dtmax, and -dP/dt.. were compared with corresponding catheter measurements. This method of estimating dP/dt.., from the instantaneous dP/dt curve was also compared with a previously proposed Doppler method of estimating dP/dt,. using the Doppler-derived mean rate of LV pressure rise over the time period between velocities of 1 and 3 m/sec on the ascending slope of the Doppler velocity spectrum. Both instantaneous Doppler-derived VA pressure gradients (r=0.95, p<O.OOOl) and Doppler dP/dt (r=0.92, p<0.0001) correlated well with corresponding measurements by catheter during systolic contraction and isovolumic relaxation (pooled data). The Doppler dP/dtmax (1,266±701 mm Hg/sec) also correlated well (r=0.94) with the catheter dP/dtm,. (1,200±573 mm Hg/sec). There was no difference between the two methods for measurement of dP/dt.. (p=NS) . Although Doppler -dP/dt. was slightly lower than the catheter measurement (961±511 versus 1,057540 mm Hg/sec, p<0.01), the correlation between measurements by Doppler and catheter was excellent (r=0.93,p<0.0001). The alternative method of mean isovolumic pressure rise (896±465 mm Hg/sec) underestimated the catheter dP/dt,.,, (1,200±573 mm Hg/sec) significantly (on average, 25%; p<O.001).
Conclusions. The present study demonstrated an accurate and reliable noninvasive Doppler method for estimating instantaneous LV dP/dt, dP/dtma, and -dP/dtmax. ( Recent studies2-5 have attempted to assess LV dP/dtmax noninvasively using Doppler echocardiography. It has been demonstrated that the mean rate of Doppler-derived LV pressure rise (RPR) during early systole (determined by the 1-and 3-m/sec velocity points on the rising segment of the continuous-wave mitral regurgitation velocity curve) correlated well with peak dP/dt obtained from LV pressure curves at catheterization.2-5 However, because this method uses an average slope, it may underestimate the true peak dP/dt.
To explore the possibility of noninvasive assessment of instantaneous LV dP/dt by Doppler echocardiography, we conducted an in vivo study using a canine model of mitral regurgitation to examine 1) the accuracy of the pressure gradient curve derived from continuous-wave Doppler mitral regurgitant velocity as compared with micromanometer catheter measurements and 2) the reliability of estimation of the first derivative of the LV pressure curve by the first derivative of the left ventriculoatrial pressure gradient curve using continuous-wave Doppler mitral regurgitant velocity curves.
Methods

Animal Preparation
The study conformed to the guiding principles of the American Heart Association guidelines for animal research. Eight adult dogs (25- The dogs were placed on right heart bypass. All venous return was drained from the superior and inferior venae cavae and coronary sinus. The venous blood was filtered, warmed and oxygenated, and then pumped by calibrated roller pump back into the dog through a wide-bore cannula inserted into the right atrium. With a second calibrated roller pump, blood could also be pumped into or removed from the systemic arterial circuit through cannulas inserted into the femoral arteries. This maneuver allowed LV systolic pressure, used as an index of afterload, to be controlled independent of preload.13
To create mitral regurgitation, a grommet with a 2.8-4.5-mm diameter was inserted into the anterior mitral leaflet. The peak mitral regurgitant flow rate, calculated as the product of effective orifice area and peak velocity, varied from 21.5 to 87. 5 (Figure 1A) . The instantaneous LV dP/dt throughout systole and early diastole (isovolumic relaxation period) was determined from this reconstructed pressure curve by differentiating the data at 5-msec intervals (Figure lA) .' dP/dtmx, and -dP/dtm, were then obtained. For comparison purposes, RPR in the LV during early systole was also calculated using two points on the initial ascending segment of the continuous-wave mitral regurgitant velocity curve as proposed by Bargiggia et Maximal dp/dt (mmHg/s) by Catheter Figure 4 , filled circles; p<0.001). The regression line is not different from the line of identity.
Mean Early Systolic Changing Rate of Ventricular Pressure
We compared the relative accuracy of our Doppler-derived method of measuring dP/dtm, to the earlier method of estimating dP/dtma by the mean rate of pressure rise2 using the arbitrarily selected time period between 1 and 3 m/sec of the regurgitant velocity profile; these two methods were compared with the Millar catheter-derived dP/dtma,, (Figure 4 ).
The mean RPR correlated well (r=0.94, p<0.001) with the catheter-derived dP/dtma,, (Figure 4 , open squares True dp/dt ImmHglsec/ True dp/dt ImmHglsecl Catheter Maximal Negative dp/dt (mmHgls) Having demonstrated accurate determination of ventriculoatrial pressure gradient curves using continuous-wave Doppler mitral regurgitant velocity profiles, we then calculated the first derivative of these curves. The results showed that for systole and early isovolumic diastole the Doppler-derived dP/dt curves correlated well (r=0.85-0.98) with dP/dt from LV pressure curves simultaneously recorded by Millar catheter. There was no difference in absolute values between the two methods (p=NS) for all pooled data. The regression line for the correlation between values measured by the two methods was very close to the line of identity (b=0.85-1.08), suggesting that the true first derivatives of LV pressure curve can be accurately estimated from the first derivative of the ventriculoatrial pressure gradient curve.
For the purpose of clinical applicability, we selected Doppler-derived dP/dt at individual time points in the cardiac cycle such as dP/dtmax and -dP/dtmax to compare with the true Millar catheter measurements. Our study demonstrated that dP/dtmax of the LV pressure curve during early systole can be accurately estimated from dP/dtma, of the Dopplerderived pressure gradient curve. However, there was a minor but significant difference in measurement of -dP/dtma by the Doppler and Millar catheter methods. Doppler-derived -dP/dtm,,: was on average 8.5%
less than Millar catheter-derived -dP/dtm.. Nevertheless, the correlation between Doppler-and catheter-derived -dP/dtmax was excellent, suggesting that continuous-wave Doppler echocardiography can be used to reliably estimate and assess changes in direction of the true -dP/dtma,c. well with dP/dtmx, our study shows that it significantly underestimates the true dP/dtm.ax (on average, -303 mm Hg/sec, or 25% of the hemodynamic peak dP/ dt). The degree of this underestimation is dependent on the peak systolic LV pressure and dP/dtma,x. Using RPR in rapidly changing dP/dt may result in greater errors than in a slower changing rate of pressure rise.
The mean RPR actually measures the rate of pressure change between developed pressures of 4 and 36 mm Hg (developed pressure=pressure rise from the end-diastolic LV pressure). However, the time point of dP/dtm,, on the LV pressure curve has been shown to depend in part on the peak systolic LV pressure attained."24 Thus, the peak dP/dt tends to occur at higher developed LV pressure when high peak LV pressures are present and at lower developed LV pressure when low peak ventricular pressures are attained.1"24 Thus, the accuracy of mean RPR using a fixed developed pressure interval (between 4 The maximum rate of rise (dP/dtmax) and decline (-dP/dtmax) of LV pressure are among the oldest and most widely used measures of ventricular contractility and relaxation, respectively.' Although both measurements are altered by loading conditions,1"24 these changes are usually small (<10%), in the physiological range of moderate increase in preload or afterload (25-30 mm Hg of systolic artery blood pressure).' In the presence of mitral regurgitation, the validity of isovolumic indexes as indicators of contractility has been challenged. However, various studies25-27 have demonstrated that mitral regurgitation has little effect on the accuracy of determination of dP/dt derived from isovolumic indexes. Furthermore, in addition to dP/dt, more complex indexes have been introduced in an attempt to obtain a purer contractility index, less dependent on loading conditions. These indexes include the maximum value of (dP/ dt)/P, dP/dt/PD, and Vm,, where P is the LV pressure, PD is the developed LV pressure, and Vma is the extrapolated value of (dP/dt)/P versus P when P=0.1 The present study demonstrates accurate determination of instantaneous dP/dt and corresponding pressure gradients and thus suggests that these complex isovolumic systolic indexes may also be derived from Doppler data in patients with mitral regurgitation. Since mitral regurgitation is common in patients with congestive heart failure and other cardiac disorders,6-10 serial noninvasive assessment of dP/dt in these conditions may be used to study the effect of disease course or interventions on myocardial function. It is also possible to combine Dopplerderived dP/dt or pressure gradient curves with two-dimensional or M-mode echocardiographic measurements to obtain end-systolic pressure-volume relations28 and the rate of increase in wall stress during systole, which have been shown to account for changes in LV geometry and mass. [28] [29] [30] There are several potential limitations of this noninvasive method to derive instantaneous pressure gradients and the systolic LV dP/dt. A complete, well delineated velocity spectral envelope from mitral regurgitation is mandatory to derive accurate measurements of instantaneous pressure gradients, which are then used to derive the dP/dt curve during systole and early isovolumic diastole. It may be difficult to obtain the complete regurgitant spectral envelope in patients with trace mitral regurgitation.2 Eccentric mitral regurgitant jets may complicate the acquisition of complete regurgitant velocity spectral envelopes.31 However, in this canine model of mitral regurgitation, we were able to clearly record complete velocity curves from eccentric regurgitant jets using apical views. As with any Doppler velocity measurement, the ultrasound beam must be aligned parallel to the velocity vectors at the regurgitant orifice to prevent underestimation of the pressure gradients. Careful scanning is necessary to obtain maximal velocity spectra by blind Doppler transducer or by image-directed continuouswave Doppler transducers.
We have demonstrated the accuracy of this method in a canine model of moderate to severe mitral regurgitation (a regurgitant flow rate of 41.8+18.2 ml/sec), both in enlarged (increased compliance) and normal-sized (low compliance) LAs and with LA pressures ranging from 9 to 35 mm Hg. It is possible that a higher V wave on the LA pressure tracing in patients with mitral stenosis or acute severe mitral regurgitation may affect the accuracy of this noninvasive determination of dP/dt. Further studies will be necessary to evaluate this method in such patient subgroups.
Conclusions
This in vivo canine study demonstrated that the instantaneous systolic gradient between the LV and LA can be accurately determined from the continuous-wave Doppler mitral regurgitant velocity spectrum and that the first derivative of the pressure gradient curve can be used to estimate the true LV dP/dt curve during systole and early isovolumic diastole. Thus, Doppler echocardiography provides an accurate and reliable noninvasive approach for deriving the dP/dtm, and -dP/dtm,, of the LV.
